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We measure the diurnal dependence of the operating characteristics of tetraphenyldibenzoperiﬂanthene
(DBP):C70 planar-mixed heterojunction small-molecule organic photovoltaic (OPV) cells with 2,20 ,200-
(1,3,5-benzenitryl tris-[1-phenyl-1H-benzimidazole] (TPBi):C70 electron-ﬁltering cathode buffer layers.
Over the course of a day, efﬁciency gradually increases as a result of a concomitant increase in short-
circuit current, while the ﬁll factor and open-circuit voltage remain constant. The results are analyzed
on the basis of independent measurements of temperature- and intensity-dependent OPV performance.
The power conversion efﬁciency is maximized slightly below 1 sun intensity and at 40 C, which is
beneﬁcial for practical outdoor operation. We attribute the increased short circuit current with tem-
perature to broadening of the absorption spectrum due to population of phonon states along with
increased charge mobility, which also results in an increase in ﬁll factor.
© 2016 Elsevier B.V. All rights reserved.1. Introduction
Signiﬁcant progress in the development of efﬁcient and stable
organic photovoltaics (OPV) is opening the possibility for their
large-scale deployment [1e5]. Outdoors, power conversion efﬁ-
ciency (PCE) and output power generated by photovoltaic cells
depend on environmental factors such as irradiance, spectrum of
the incident sunlight, and temperature. Therefore, the dependence
of PCE on these factors, and in particular its diurnal dependence
provides information for the practical application of OPVs for the
solar generation of electricity. Diurnal behavior has been studied
for inorganic photovoltaics [6,7], while such information for poly-
mer OPVs is limited [8,9], and completely absent for small molecule
OPVs.Engineering and Computer
, USA.
.
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niques, Parc Mediterani de la
ame, et al., Outdoor operationThe temperature and light intensity dependence of OPVs are
determined by, among other factors, bimolecular recombination,
exciton dissociation, carrier mobility, optical absorption, and
resistive power losses [8,10e14]. Variations in intensity and tem-
perature, therefore, are frequently used to characterize organic
materials and devices [12,15e18]. Here we report an analysis of the
diurnal, temperature, and light intensity dependent performance of
small molecular-weight planar-mixed heterojunction (HJ) OPVs
based on tetraphenyldibenzoperiﬂanthene (DBP):C70 photoactive
layers, with stable 2,20,200-(1,3,5-benzenitryl tris-[1-phenyl-1H-
benzimidazole] (TPBi):C70 electron-ﬁltering compound buffer
layers. Planar-mixed HJ DBP:C70 devices are among the most stable
OPV cells demonstrated to date, with lifetimes of T80 > 2500 h
measured under laboratory conditions, and no degradation after
100 days of outdoor testing [5,19]. Here, T80 is the time it takes for
the PCE to decrease to 80% of its initial value. The cells have been
found to be stable under intense solar irradiation and high tem-
perature, making them suitable for further investigations under
realistic operating conditions [5]. We ﬁnd that power conversion
efﬁciency is maximized slightly below 1 sun intensity and at 40 C,
which is beneﬁcial for practical outdoor operation. We attribute the
increased short circuit current observed with increasingof small-molecule organic photovoltaics, Organic Electronics (2016),
Fig. 1. (a) Irradiance, outdoor cell temperature, (b) responsivity, VOC, (c) FF, and PCE vs.
the time of day on November 8, 2015 in Sede Boqer, Israel for a DBP:C70 planar-mixed
heterojunction organic solar cell.
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thermal population of phonon states along with increased charge
mobility, which also results in a concomitant marginal increase in
ﬁll factor.
2. Experimental
The materials Al, MoOx, C70, DBP, and tris-[1-phenyl-1H-benz-
imidazole] (TPBi) used in the OPV cells were obtained from com-
mercial sources, and all organic molecules were puriﬁed prior to
use by thermal gradient sublimation in vacuum [20]. The devices
were grown on pre-patterned indium tin oxide (ITO)-coated glass
substrates that were sonicated in a tergitol/deionised (DI) water
solution followed by sonication in DI water, acetone, and isopropyl
alcohol. Substrates were dried in a stream of ultrahigh purity N2
and placed on a hot plate at 100 C for cleaningwith a stream of CO2
gas for 1 min, followed by a 10 min exposure to ultraviolet (UV)-
ozone [21].
Devices were grown by thermal evaporation under high vacuum
(<2  107 torr) at deposition rates between 0.2 and 1.6 Å/s, with
the structure: 150 nm ITO/10 nm MoOx/54 nm 1:8 DBP:C70/9 nm
C70/10 nm 1:1 TPBi:C70/3 nm TPBi/100 nm Al. The intersection of a
shadow-mask-patterned Al cathode and the ITO anode deﬁned an
11.3 mm2 device area. Devices were encapsulated in an ultrahigh
purity N2-ﬁlled glovebox (<1 ppmO2 and H2O) using a glass lid that
was sealed to the substrate with a UV-curable epoxy bead applied
around its periphery. A BaOx/SrOx desiccant was included within
the package to remove residual O2 and H2O. Performance charac-
teristics of the as-grown devices at 25 C were: short-circuit cur-
rent, JSC ¼ 12.1 ± 1 mA/cm2, open-circuit voltage, VOC ¼ 0.93 ± 0.01,
ﬁll factor, FF ¼ 61 ± 1%, and PCE ¼ 6.6 ± 0.6% under 1 sun, AM1.5G
illumination.
Diurnal, temperature, and light intensity dependent cell char-
acterization was performed at Sede Boqer, Israel (30510 N, 34460
E) in the Negev Desert. Diurnal measurements were performed on a
ﬁxed platform set at a 60 angle with respect to the surface normal.
Current density vs. voltage (J-V) characteristics were measured
hourly from 9:00 a.m. to 4:00 p.m. along with the cell temperature
and incident light intensity. Low intensity data before 9:00 a.m. and
after 4:00 p.m. were not recorded. Five such measurements were
taken for each device at the beginning of each hour and were
averaged to compensate for ﬂuctuations in irradiance. Temperature
was measured on the surface of the OPV using a thermocouple,
while intensity was measured with a calibrated Si photodiode.
Light intensity dependent OPV performance was measured us-
ing a solar concentrator from 0.2 to 27 suns (1 sun¼ 100mW/cm2).
Sunlight was focused into a 1 mm diameter quartz-core optical ﬁ-
ber, and coupled onto the OPV cell [22,23]. Flux uniformity was
achieved by placing a multimode, 3 cm 1 cm 1 cm quartz block
between the cell and the ﬁber. The intensity was calibrated using a
pyranometer, and varied using an iris on the collection aperture.
Both temperature and intensity dependent data were acquired
during clear-sky periods (solar noon ± 2 h), during which the
spectrum was very near to AM1.5G [12].
Temperature dependent J-V characteristics were measured at
1e2 C intervals outdoors using an automated solar tracking plat-
form. Temperature was varied using a thermoelectric cooler and
resistive heater, while cell temperature was monitored with a
substrate-mounted thermistor. The temperature dependent
external quantum efﬁciency (EQE) was measured indoors with a
lock-in ampliﬁer. A Xe-arc light source was monochromated and
chopped at 200 Hz and focused onto the device. The source in-
tensity was calibrated with a Si photodiode. Temperature was
controlled using a hot plate and monitored using a thermocouple.
Reﬂectance of the OPV cell was measured 6 from normal incidencePlease cite this article in press as: Q. Burlingame, et al., Outdoor operation
http://dx.doi.org/10.1016/j.orgel.2016.11.015using illumination from a calibrated UVevisible spectrometer. The
temperature was controlled using a resistive heater with a Cu heat-
spreader, and measured using a thermocouple.3. Results
Fig. 1 shows the solar irradiance, cell temperature, and diurnal
dependences of the photovoltaic parameters measured on
November 8, 2015. The solar irradiance (Fig.1a) follows a cosine law
dependence reaching its maximum at noon, while temperature
(Fig. 1a) increased from 9:00 a.m. to 1:00 p.m., with a maximum of
38 C. Responsivity (Fig. 1b) slightly increased, while VOC and FF
remained nearly constant. As a result, PCE is time dependent,
varying between 6.8 ± 0.3% at 9:00 a.m. to its peak value of
7.7 ± 0.3% at 2:00 p.m.
Devices were characterized as a function of light intensity from
0.2 to 27 suns, with several J-V curves shown in Fig. 2a. Photovoltaicof small-molecule organic photovoltaics, Organic Electronics (2016),
Fig. 2. (a) Current density vs. voltage characteristics at 0.2 sun, 1 sun, 3.5 sun, 13 sun, and 27 sun illumination intensity for the cell in Fig. 1. (b) Short circuit current density, JSC, (c)
VOC, (d) FF (left axis) and PCE (right axis) vs. irradiance.
Q. Burlingame et al. / Organic Electronics xxx (2016) 1e6 3characteristics vs. illumination intensity are shown in Fig. 2bed.
Here, JSC increases linearly with intensity below ~20 suns. Similarly,
VOC increases as the logarithm of intensity before saturating above
~5 suns. Fits to the low intensity region (<5 suns) are shown in
Fig. 2b and c to highlight the deviation in responsivity and VOC from
their respective linear and logarithmic relationships with intensity.Fig. 3. (a) Current density vs. voltage characteristics under 1 sun intensity at various temp
conversion efﬁciency (PCE) as functions of temperature from 15 C to 140 C.
Please cite this article in press as: Q. Burlingame, et al., Outdoor operation
http://dx.doi.org/10.1016/j.orgel.2016.11.015The FF decreases from 63% at 0.2 suns to 33% at 27 suns. This trend
dominates the light intensity dependence of PCE. The latter reaches
a maximum below 1 sun, although the decrease in both FF and PCE
in the range of 0.2e1 suns is negligible (<3% relative).
Fig. 3 shows the effect of cell temperature on OPV performance.
Fourth quadrant J-V characteristics were measured under one suneratures. (b) Responsivity, (c) open-circuit voltage (VOC), (d) ﬁll factor (FF) and power
of small-molecule organic photovoltaics, Organic Electronics (2016),
Fig. 4. (a) External quantum efﬁciency (EQE) and (b) and ratio EQE(T)/EQE (30 C) as
functions of wavelength and temperature (T). (c) Difference in reﬂectance (DR) be-
tween temperature, T, and T ¼ 25 C vs. wavelength from 50 C to 125 C.
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teristics plotted in Fig. 3bed as a function of T. As we can see,
responsivity (JSC normalized to irradiance) increases with temper-
ature with a slope of 9.1 ± 1 106 (A/W)/C. The VOC decreases at a
rate of 2.9 ± 0.4 mV/C. From 15 C to 50 C, FF increases with
temperature, with little additional decrease from 50 C to 100 C. It
then decreases as temperature is increased above 100 C. Corre-
spondingly, PCE increases with a temperature coefﬁcient 0.02%/C,
with a maximum at 40 C before decreasing at higher
temperatures.
Fig. 4a depicts the OPV EQE spectra measured indoors at various
temperatures (from 30 C to 130 C), respectively. To highlight
differences between the spectra, we plot the ratio of EQE(T) to its
value at T ¼ 30 C in Fig. 4b. The EQE increases slightly with tem-
perature, with larger increases near the edges of the absorption
features at l ¼ 540 nm, 590 nm, and 700 nm. The longest wave-
length corresponds to the DBP:C70 charge transfer (CT) state ab-
sorption [24].
The calculated photocurrent density, JcalcSC , is the integral over l
of the product of the measured spectral EQE and the number of
incident photons, Np, at each wavelength:
JcalcSC ¼
Z
qEQEðlÞNpðlÞdl: (1)
where q is the electron charge. Over the standard AM1.5G solar
spectrum, JcalcSC increases from 12.1 ± 0.3 mA/cm
2 at 30 C to
12.7 ± 0.3 mA/cm2 at 130 C.
To determine the role of temperature dependent absorption on
EQE(T), the OPV cell reﬂectance was measured from 25 C to 125 C.
Decreases in reﬂectance (corresponding to increases in absorbance)
with temperature are observed at wavelengths where the EQE in-
creases at l ¼ 540 nm, 590 nm, 700 nm, and >800 nm. To highlight
these temperature dependent changes, reﬂectance difference
spectra (DR) were obtained by subtracting the room temperature
reﬂectance from each of the higher temperature spectra, as shown
in Fig. 4c.
4. Discussion
Light intensity and temperature play a signiﬁcant role in
determining the performance of OPV cells, and vary throughout the
day as shown in Fig. 1a. As expected, the irradiance and cell tem-
perature have similar shapes, with maxima near midday. Despite
this variation, we ﬁnd that the photovoltaic parameters (respon-
sivity, VOC, FF, and PCE) do not change signiﬁcantly, as shown in
Fig. 1b and c. Near 1 sun intensity, the responsivity is linear with
irradiance, VOC is logarithmic, and FF decreases slightly. However, as
the illumination intensity increases further, losses incurred due to
the series resistance become signiﬁcant in the 11.3 mm2 OPVs
studied here [15,18,25]. This results in a decrease in FF, as shown in
Fig. 2d. Responsivity is also reduced at high irradiance (>20 suns) as
evidenced by the nonlinearity in Fig. 2b due to recombination and
the resulting resistive voltage drop [18]. To realize large area OPVs
capable of operating above 1 sun, low resistance contacts such as
metal grids are essential [25,26].
Based on optical simulations [27], approximately 30% of the total
incident solar power is absorbed by the OPV active layers in addi-
tion to a small percentage absorbed by the contacts, transport
layers, and substrate. At 27 suns intensity, approximately 800W/m2
[2] is converted to electrical power, depending on the current-
voltage operating point. The remaining absorbed power of
>7 kW/m2 is dissipated as heat through relaxation of high energy
excitations, Joule heating, and absorption in the infrared [14]. Now
the open-circuit voltage (VOC) of the OPV is given by:Please cite this article in press as: Q. Burlingame, et al., Outdoor operation
http://dx.doi.org/10.1016/j.orgel.2016.11.015qVOC ¼ EHOMO;Acceptor  ELUMO;Donor  EB  nkBT ln

Akrec=JSC

;
(2)
where EHOMO, Acceptor and ELUMO, Donor are the energies of the
acceptor highest occupiedmolecular orbital (HOMO) and the donor
lowest unoccupied molecular orbital (LUMO), EB is the binding
energy of the polaron pair at the HJ, n is the diode ideality factor, kBof small-molecule organic photovoltaics, Organic Electronics (2016),
Q. Burlingame et al. / Organic Electronics xxx (2016) 1e6 5is Boltzmann's constant, and krec is the free carrier bimolecular
recombination coefﬁcient [16]. The coefﬁcient, A, depends on
several factors including the polaron pair recombination and
dissociation rates, and the photocurrent. Using this expression, we
can conclude that above 5 suns intensity, the deviation in VOC in
Fig. 2c from the expected logarithmic relationship with intensity
(which is proportional to JSC) in Eq. (2) is a result of increased
recombination due to heating [16,28]. The linear decrease of VOC
with T (Fig. 3c) is also consistent with Eq. (2).
The increase in FF (Fig. 3d) from 15 C to 50 C is a result of
increased conductivity, and hence reduced series resistance (RS) in
the organic semiconductor layers with temperature
(RS ¼ 1.05 ± 0.04 U at T ¼ 15 C, RS ¼ 0.73 ± 0.04 U at T ¼ 50 C).
However, as this contribution becomes small compared to the
contact resistances at elevated temperatures (RS ¼ 0.71 ± 0.03 U at
T¼ 140 C), its impact on FF also is reduced [18,25,29]. Additionally,
the FF is reduced by increased charge recombination and the
changing ratio of maximum power point voltage to VOC due to
decreasing VOC with temperature. Competition between these fac-
tors results in the lack of temperature dependence of FF at T > 50 C,
and then its decrease above 100 C.
The EQE of an OPV cell is the product of the absorption, exciton
diffusion to the HJ, charge transfer (CT) state dissociation, and
charge extraction efﬁcienciesdeach of which may depend on
temperature [27]. To our knowledge, there are no reports showing
the temperature dependence of the EQE for OPV cells, although
increases in JSC with temperature have been shown for both poly-
mer [8,12,30] and small molecule [31] cells. In polymer devices, this
increase is attributed [12,30] to the thermally activated hopping
mobility of charge carriers [32,33]. Fig. 4a and b show that the
temperature dependent current increase is wavelength dependent,
suggesting that charge generation is responsible for this charac-
teristic. Indeed, Fig. 4c indicates that the layer reﬂectance decreases
with temperature (corresponding to an increase in absorbance) at
the same wavelengths where increases in EQE are observed. Inte-
grating the temperature dependent EQE over the AM1.5G solar
spectrum, the increase in JcalcSC from 12.1 ± 0.3 mA/cm
2 to
12.7 ± 0.3 mA/cm2 between T ¼ 25 C and 125 C accounts for most
of the 8.5 ± 3% relative increase in responsivity observed in Fig. 3b.
Therefore, while increased mobility may be partially responsible
for the increase in JSC, we conclude that the increase is primarily
due to the broadened optical absorption.
To understand the observed line shape changes in the EQE and
in the absorption spectra, we consider the temperature depen-
dence of phonon-electron coupling, which has been shown to
result in the broadening and red-shift of absorption spectra in
many optical materials [34e37]. These shifts follow semi-empirical
relationships based on a Bose-Einstein distribution of phonons,Fig. 5. (a) EQE vs. energy at 30 C with a ﬁt to two Gaussian
Please cite this article in press as: Q. Burlingame, et al., Outdoor operation
http://dx.doi.org/10.1016/j.orgel.2016.11.015viz.: [34e37].
GðTÞ ¼ G0

1þ 2
eQ=T  1

þ G1 (3)
and
EðTÞ ¼ a b

1þ 2
eQ=T  1

; (4)
where G(T) is the spectral linewidth, E(T) is the peak energy, G1 is
the absorption linewidth due to homogeneous broadening and
conﬁgurational disorder, T is temperature, a is the peak position at
T ¼ 0 K, G0 and b are constants related to the strength of electron-
phonon coupling, and Q is the average phonon temperature
[34e37]. Using a sum of Gaussians to ﬁt the low energy edge of the
EQE spectrum as shown in Fig. 5a, the full width at half maxima
(FWHM) and peak energies can be extracted at each temperature.
Plotting these line shape parameters for the Gaussians comprising
the low energy tail vs. T, we ﬁnd agreement with Eqs. (3) and (4), as
shown in Fig. 5b, suggesting that the temperature broadened ab-
sorption spectra is the result of an increased phonon population at
elevated temperatures.
Finally, we ﬁnd that the diurnal dependence of OPV perfor-
mance is a combination of the intensity and temperature depen-
dent performance of the cells throughout the day. Comparing the
temperature and intensity dependence of both VOC and FF, the
trends nearly offset each other near 1 sun intensity, AM 1.5G illu-
mination. That is, FF increases with T and decreases with intensity,
while VOC increases with intensity and decreases with T. As a result,
these characteristics remain nearly constant throughout the day.
Responsivity, on the other hand, should not depend on light in-
tensity at a constant quantum efﬁciency, as inferred from the linear
dependence of JSC with irradiance. Responsivity appears to follow
the change in temperature with a steady increase throughout the
day, as shown in Fig. 1b. However, slight increases are observed at
2:00 and 3:00 p.m., despite the decreasing temperature, leading to
a PCEmaximum at 2:00pm. While small, this effect may be a result
of solar spectral shifts as the sun approaches the horizon [38]. Due
to a combination of these several factors, PCE follows responsivity
by increasing from 6.8 ± 0.1% at 9:00 a.m. to 7.7 ± 0.3% at 2:00 p.m.5. Conclusion
The diurnal performance of small-molecule planar-mixed HJ
DBP:C70 OPV cells was measured outdoors, and found to be
dependent on both temperature and light intensity. Under outdoor
operation at intensities 1 sun, PCE remains within 3% of itss shown. (b) Normalized Gaussian ﬁt parameters vs. T.
of small-molecule organic photovoltaics, Organic Electronics (2016),
Q. Burlingame et al. / Organic Electronics xxx (2016) 1e66maximum before falling off at high irradiance due to resistive losses
that reduce FF. The PCE is found to have a positive temperature
coefﬁcient (0.02%/C) from 15 C to 40 C since the temperature
dependent increases in JSC and FF offset decreases in VOC. Absorp-
tion spectral broadening is responsible for most of the increase in
JSC, consistent with enhanced phonon-electron coupling at elevated
temperatures. This ﬁnding differs from previous reports that
attribute the temperature dependence of JSC to temperature
dependent increases in charge hopping mobility. Compared with
inorganic photovoltaics whose efﬁciency decreases at elevated
temperatures and often require optical concentrators to reach their
maximum PCE, small molecule OPV cells are optimal for outdoor
temperatures and light intensities, reaching their peak efﬁciency
near 40 C and remaining within 3% of their maximum PCE at 1 sun
intensity.
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